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Abstract. Matrix metalloproteinases (MMPs) have been
recognized as key players in the degradation of the
extracellular matrix (ECM) by migration and proliferation
of endothelial cells and their subsequent invasion of the
underlying stroma. The prevention of ECM degradation
through the inhibition of MMP activity has been shown to
be a promising therapeutic approach to block the invasion
that occurs during angiogenesis. In previous studies, we
demonstrated the anti-tumor effect of a nutrient mixture (NM)
containing ascorbic acid, lysine, proline, green tea extract,
arginine, N-acetyl cysteine, selenium, copper and manganese
on various tumor cell lines in vivo and in vitro. The aim of
the present study was to determine whether this mixture has
anti-angiogenic effects on human umbilical vein endothelial
cells (HUVECS). At near confluence, the HUVEC cell cultures
were tested with NM at 0, 10, 50, 100, 500, and 1000 zg/ml
in triplicate at each dose for proliferation, migration, MMP
expression, and invasion. Cell proliferation was evaluated by
MTT assay, invasion potential by Matrigel invasion, MMP
expression by gelatinase zymography, and cell migration by
a 2 mm-wide scratch in plates. For tube formation, HUVECs
were cultured in previously polymerized Matrigel. NM
inhibited HUVEC migration, MMP expression and invasion
through Matrigel in a dose-dependent manner. Zymography
showed a dose-dependent inhibition of MMP-2 expression
with virtual total inhibition at a 500 yg/ml concentration,
Invasion through Matrigel was totally inhibited at 500 pg/ml
NM. NM reduced cell migration by scratch test in a dose-
dependent fashion with total inhibition at a 500 gg/ml
concentration. NM also inhibited the tube formation of
HUVECs, but did not significantly inhibit cell proliferation.
These results together with our earlier findings suggest that
NM is a relatively non-toxic formulation with anti-angiogenic
effects, such as inhibiting vascular tube formation and
endothelial cell invasion and migration,
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Introduction

Angiogenesis, the formation of new capillaries from existing
blood vessels, is associated with progressive growth and
metastasis of solid tumors, which depend on the recruitment
of new blood vessels. The regulation of angiogenesis is
achieved through a balance of pro- and anti-angiogenic stimuli.
The angiogenic process is controlled by two major pro-
angiogenic factors, matrix metalloproteinases (MMPs) that
degrade the extracellular matrix (ECM) and vascular endo-
thelial growth factor (VEGF) that acts in concert to promote
angiogenesis. Blood vessels local to the tumor respond to the
elaboration of VEGF and fibroblast growth factor (FGF) in
malignant cells, inducing local blood vessels to sprout
branches to feed the metastases. This causes micrometastases
(<2 mm in size and functionally dormant) to grow beyond
the 2-mm size and become a threat to the patient (1).

VEGEF is specific and critical for blood vessel formation
and one of the most powerful stimulators of angiogenesis.
VEGF is secreted by tumor cells and promotes the
proliferation of endothelial cells and remodeling of neo-
vessels. Since endothelial cells can communicate directly
with tumor cells by producing growth-promoting factors, the
interrelationship between endothelial and tumor cells, and the
imbalance between angiogenic factors, can promote tissue
neovascularization. Angiogenic inhibitors that target both the
proliferating endothelial and tumor cell compartments may
therefore lead to therapeutic regulation of tumor growth (2).

Earlier work by Rath and Pauling defined common patho-
mechanisms for all cancers, the destruction of ECM as a
precondition for cancer cell invasion, growth and metastasis
and suggested intervention through natural inhibitors of
plasmin-induced proteolysis, such as lysine and its analogues
(3). A critical step in angiogenesis is the degradation of ECM
by the migration of endothelial cells and their subsequent
invasion of the underlying stroma of neighboring tissues,
where they organize into new capillary structures. This
process requires the production of matrix-degrading enzymes
by the invading endothelial cells.

The prevention of ECM degradation through the inhibition
of MMP activity, particularly MMP-2 (gelatinase A) and
MMP-9 (gelatinase B), has been shown to be a promising
therapeutic approach to blocking the invasion process that
occurs during angiogenesis and tumor progression. The
identification of novel angiogenic inhibitors that target both
proliferating endothelial and tumor cells and MMP inhibitors
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Figure 1. Effect of the nutrient mixture (NM} on HUVEC proliferation
(MTT assay).

may therefore lead to the therapeutic regulation of tumor
growth. Recently, several MMP inhibitors and anti-angiogenic
agents have been developed. An increasing number of
clinical trials are testing the therapeutic efficacy and tolerance
of angiogenic agents, targeting MMPs, angiogenic growth
factors, and their receptors (4).

In previous studies, we demonstrated the anti-tumor effect
of a mixture containing lysine, proline, ascorbic acid and green
tea extract (nutrient mixture; NM) on various human cancer
cell lines in vivo and in vitro (5-11). Since angiogenesis
depends on the interaction between tumor cells and endothelial
cells, the aim of the present study was to determine whether
NM also exhibits anti-angiogenic effects on endothelial cells.

Materials and methods

Cell culture. Human umbilical vein endothelial cells
(HUVECs) obtained from the American Type Culture
Collection (Rockville, MD) were grown in M199 media
supplemented with 10% FBS, 50 pg/ml endothelial cell
growth supplement, 100 pg/ml heparin and 20 mM Hepes in
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24-well tissue culture plates (Costar, Cambridge, MA). Cells
were incubated with 1 ml of media at 37°C in a tissue culture
incubator equilibrated with 95% air and 5% CO,. At near
confluence, the cells were treated with the nutrient mixture
(NM) dissolved in media and tested at 0, 10, 50, 100, 500,
and 1000 pgg/ml in triplicate at each dose. The plates were
then returned to the incubator.

MTT assay. The effects of NM on HUVEC proliferation were
evaluated by MTT assay, a colorimetric assay based on the
ability of viable cells to reduce a soluble yellow tetrazolium
salt [3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium
bromide] (MTT) to a blue formazan crystal by mitochondrial
succinate dehydrogenase activity of viable cells. After the MTT
addition (0.5 mg/ml), the plates were covered and returned to
the 37°C incubator for 2 h, the optimal time for formazan
product formation. Following incubation, the supernatant was
carefully removed from the wells, formazan product was
dissolved in 1 ml DMSO, and absorbance was measured at
570 nm in a Bio Spec 1601, Shimadzu spectrometer. The
0Dy, of the DMSO solution in each well was considered to
be proportional to the number of cells. The ODs;, of the control
(treatment without supplement) was considered 100%.

Gelatinase zymography. MMP expression in conditioned
media was determined by gelatinase zymography. Gelatinase
zymography was performed in 10% polyacrylamide precast
Novex gel (Invitrogen Corporation) in the presence of 0.1%
gelatin. Culture media (20 pl) was loaded and SDS-PAGE
was performed with a Tris-glycine SDS buffer. After electro-
phoresis, the gels were washed with 5% Triton X-100 for
30 min. The gels were then incubated for 24 h at 37°C in the
presence of 50 mM Tris-HCI, 5 mM CaCl,, and 5 uM
ZnCl,, pH 7.5 and stained with Coomassie Blue R 0.5% for
30 min and destained. Protein standards were run concurrently,
and approximate molecular weights were determined.

Figure 2. Effect of the nutrient mixture (NM) on HUVEC morphology. (A) Untreated control, (B) 50 pg/ml NM, (C) 100 jeg/ml NM, (D) 500 pg/ml NM, and

(E) 1000 pg/ml NM.
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MMP-2

Figure 3. Effect of the nutrient mixture (NM) on HUVEC MMP-2 expression.
Lane 1, markers; lane 2, control; lanes 3-7, 10, 50, 100, 500, and 1000 peg/ml
NM, respectively.

Matrigel invasion studies. Invasion studies were conducted
using Matrigel™ (Becton-Dickinson) inserts in 24-well
plates. Suspended in medium, HUVECs were supplemented
with nutrients, as specified in the design of the experiment,
and seeded on the insert in the well. Thus, both the medium
on the insert and in the well contained the same supplements.
The plates with the inserts were then incubated in a culture
incubator equilibrated with 95% air and 5% CO, for 24 h.
After incubation, the media from the wells were withdrawn.
Cells on the upper surface of the inserts were gently scrubbed
away with cotton swabs. Cells that had penetrated the
Matrigel membrane and migrated onto the lower surface of
the Matrigel were stained with hematoxylin and eosin (H&E)
and visually counted under the microscope.

HUVEC capillary tube formation on Matrigel study.
Unpolymerized Matrigel was placed in wells (300 pl/well) of
a 24-well tissue culture plate and allowed to polymerize for
1 h at 37°C. HUVEC cells were plated in triplicate at a
density of 100,000 cells per well with NM at 0, 10, 50, 100,
500, and 1000 pg/ml concentrations. After 24 h incubation in
5% CO, humidified atmosphere at 37°C, endothelial cells
were washed with PBS, fixed and stained with H&E, tube
morphology was observed and photomicrographs were taken.

HUVEC migration assay. At near confluence, a 2-mm wide
single uninterrupted scratch from top to bottom of the culture
plates was made. Culture plates were washed with PBS and
incubated with NM in medium and tested at 0, 10, 50, 100,
500, and 1000 pg/ml in triplicate at each dose for 24 h. The
cells were washed with PBS, fixed and stained with H&E.
Photomicrographs at a x100 magnification were taken.

Composition of the nutrient mixture (NM). Stock solution of
the nutrient mixture (total weight 4.2 Gm) is composed of:
700 mg vitamin C (as ascorbic acid and as Mg, Ca, and
palmitate ascorbate); 1000 mg L-lysine; 750 mg L-proline;
500 mg L-arginine; 200 mg N-acetyl cysteine; and 1000 mg
standardized green tea extract (green tea extract derived from
green tea leaves) obtained from U.S. Pharma Lab. The
certificate of analysis indicates the characteristics: 80% total
polyphenol, 60% catechins, 35% EGCG, and 1.0% caffeine
(80% polyphenol); 30 mg selenium; 2 mg copper; and 1 mg
manganese.

We formulated and tested NM since multiple effects of
cancer inhibition were being observed at different stages of
cancer growth and metastasis. For example, the ECM integrity
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Figure 4. Effect of the nutrient mixture (NM) on HUVEC Matrigel invasion
and migration.

is dependent on adequate collagen formation; the amino acids
lysine and proline are necessary for the formation of collagen
chains, and ascorbic acid is essential for the hydroxylation
reaction. Manganese and copper are also essential for collagen
formation. Ascorbic acid has also been shown to inhibit cell
division and growth through production of hydrogen peroxide
(12). Green tea extract has shown to be a promising agent in
controlling angiogenesis, metastasis, and other aspects of
cancer (13). N-acetyl cysteine has been observed to inhibit
MMP-9 activity (14) and invasive activities of tumor cells
(15), as well as endothelial tissue invasion (4). Selenium has
been shown to interfere with MMP expression and tumor
invasion (16), and migration of endothelial cells through ECM
(4,15). Since arginine is a precursor of nitric oxide (NO), any
deficiency of arginine can limit the production of NO, which
has been shown to predominantly act as an inducer of apoptosis
in breast cancer cells (17).

Based on the evidence available in literature and our own
research, we hypothesized that a combination of ascorbic
acid, lysine, proline, green tea extract, arginine, N-acetyl
cysteine, selenium, copper and manganese would work
synergistically. For example, we found that a combination of
ascorbic acid, lysine and proline used with EGCG enhanced
the anti-invasive activity of 20 xg/ml EGCG to that of 50 zg/ml
(18). Thus, by including nutrients like N-acetyl cysteine,
arginine, selenium, manganese and copper in addition to
ascorbic acid, proline, lysine and EGCG, we could obtain a
significant reduction in cell invasion at a much lower
concentration of EGCG.

Statistical analysis. The results were expressed as means =+
SD for the groups. Data were analyzed using independent
sample t-tests.

Results

Effect of NM on HUVEC proliferation (MTT assay). The
nutrient mixture had no significant effect on HUVEC
proliferation (Fig. 1). HUVEC morphology was unchanged
even at the highest concentration (Fig. 2).

Effect of NM on HUVEC MMP expression (gelatinase
zymography). As shown in Fig. 3, zymography demonstrated
expression of MMP-2 by human umbilical vein endothelial
cells (HUVECs). NM inhibited the expression of MMP-2 in
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Figure 5. HUVEC invasion photomicrographs. (A) Control, (B) 10 jeg/ml NM, (C) 50 prg/ml NM, (D) 100 prg/ml NM, and (E) 500 j1g/ml NM.

Figure 6. Effect of the nutrient mixture (NM) on HUVEC migration (scratch).
(A) Post-scratch, (B) control, (C) 10 pg/ml NM. (D) 50 pg/ml NM,
(E) 100 prg/ml NM, (F) 500 pg/ml NM, and (G) 1000 peg/ml NM.

Effect of NM on HUVEC migration (scratch). NM reduced

HUVEC migration by scratch test in a dose-dependent fashion
a dose-dependent fashion with virtual total inhibition at a  with total inhibition at a 500 yg/ml concentration, as shown
500 pg/ml concentration. in Fig. 6A-G.

Effect of NM on HUVEC invasion (Matrigel). Invasion of  Effect of NM on HUVEC capillary tube formation assay. The
HUVECs through Matrigel was reduced by 60% at 100 gg/ml  inhibitory effect of NM on capillary tube formation (in vitro
and totally inhibited at 500 pg/ml (p<0.0001) (Figs. 4 and 5).  differentiation) was assessed by exposure to NM of HUVECs
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Figure 7. Effect of the nutrient mixture (NM) on HUVEC capillary tube formation assay (H&E, original magnification, x100). (A) Control, (B) NM 10 gg/ml,
(C) NM 50 prg/ml, (D) NM 100 pg/ml, (E) NM 500 pg/ml, and (F) NM 1000 gg/ml.

on Matrigel. After 22 h, the control showed that HUVEC
formed hollow tubes on Matrigel in contrast to NM-treated
HUVECs, which demonstrated a dose-dependent inhibition
of capillary tube formation with complete disruption of
capillary tubes at 1000 pg/ml NM (Fig. 7A-F; H&E stain,
original magnification, x100).

Discussion

Angiogenesis and vascular remodeling play significant roles
in tumor growth. Endothelial cell activation is the first process
to occur under pathological and physiological conditions.
Cytokines from various sources are released in response to
hypoxia or ischemia and activated endothelial cells penetrate
new areas of the body by degradation of the basement
membrane by MMPs. In a previous study, we found that the
nutrient combination of ascorbic acid, lysine, proline, arginine,
N-acetyl cysteine and tea phenolics significantly inhibited
cytokine expression by human aortic smooth muscle cells
induced by TNF-a and LPS (19).

In this study, we showed that NM inhibited HUVEC
Matrigel invasion and expression of MMP-2 in a dose-
dependent fashion with virtual total inhibition at a 500 yg/ml
concentration, implying inhibition of angiogenesis by blockage
of ECM degradation and invasion by endothelial cells. In
addition, NM significantly inhibited HUVEC in vitro migration
(scratch test).

These results were consistent with the effect of the
nutrient mixture in vitro on HUVEC capillary tube formation.
Significant inhibition of HUVEC vascular network formation
on Matrigel beds was seen at the low concentration of 50 yg/ml
NM. Inhibition of tube formation increased with increasing
NM dose, resulting in complete disruption at 500 pg/ml NM,
This ability to disrupt the integrity of preformed tubes indicates
that NM may not only prevent, but also regress new blood
vessels. Capillary tube formation in the basement membrane-

like matrix of Matrigel requires that endothelial cells adhere
to and move on the extracellular matrix, a process dependent
mainly on various integrins (20). Capillary tube formation is
a complex process requiring cell-matrix interactions, inter-
cellular communications, as well as cell motility. The inhibitory
effect of NM on HUVEC vascular network formation in light
of other in vitro studies indicates that NM inhibits attachment,
migration and invasion of endothelial cells.

Oncologists throughout North America, Europe, Asia and
Australia have developed and tested more than 60 anti-
angiogenic and MMP inhibitor drugs for patients with a wide
variety of solid tumors. Unfortunately, many compounds have
limited efficacy, due to problems of delivery and penetration
and moderate effects on the tumor cells, accompanied by
severe toxicity and damage to healthy tissues. In addition,
the activity of these compounds is mainly limited by the
development of drug resistance (21).

In this and previous studies (5-11), the relatively non-
toxic nutrient mixture (NM) has shown potent anti-tumor and
anti-angiogenic activity in vivo and in vitro. While clinical
studies are necessary to better determine the efficacy of
nutrient therapy in both cancer prevention and treatment, the
results of these studies suggest that this formulation is an
excellent candidate for adjunctive therapeutic use in the
treatment of metastatic cancer by inhibiting endothelial MMP
expression, invasion and migration without toxic effects.
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